Plants defend themselves against attack by natural enemies and these defenses vary widely across populations. However, whether communities of natural enemies are a sufficiently potent force to maintain polymorphisms in defensive traits is largely unknown. Here, we exploit the genetic resources of Arabidopsis thaliana, coupled with 39 years of field data on aphid abundance to: (i) demonstrate that geographic patterns in a polymorphic defense locus (GS-ELONG) are strongly correlated with changes in the relative abundance of two specialist aphids; and (ii) demonstrate differential selection by the two aphids on GS-ELONG, using a multi-generation selection experiment. We thereby show a causal link between variation in abundance of the two specialist aphids and the geographic pattern at GS-ELONG, which highlights the potency of natural enemies as selective forces.
Intraspecific genetic variation is essential in enabling species to respond rapidly to evolutionary challenges such as changing environmental conditions (1) or the emergence of novel pests and pathogens (2) . This diversity often reflects the balance between the strength of local selection and the current and historical levels of population substructure and gene flow (3, 4) . Geographic analyses of genetic variation in several plant species have revealed clear genetic signals of local adaptation (5) , caused by differences in the selective regime among locations. These analyses are further supported by reciprocal transplant experiments, in which home genotypes generally outperform those transplanted from other populations (6, 7) . While the drivers of local adaptation often remain unidentified, there is evidence that climate and soil can exert strong local selective pressures and play important roles in shaping large-scale genetic patterns (8, 9) .
In contrast to the clear role of abiotic factors, there is little direct evidence that biotic forces, such as herbivory or competition, can lead to the maintenance of genetic variation across large geographic scales, despite the exceptional levels of polymorphism associated with genes involved in defense (10, 11) . In theory, interactions between organisms and their natural enemies can lead to differences in the local selective regime because of geographic variation in the abundance or species composition of the enemy community (3). This spatial variation can affect defense if it is costly; e.g., if the average level of herbivory varies across populations, defended genotypes might dominate in heavily attacked populations while undefended genotypes would prosper when enemies are absent or rare (12) . Another less studied effect is how defense might vary if plants are attacked by diverse collections of herbivore species that differ in feeding style and specialization. This could lead to higher levels of polymorphism in Fig. 1 . Location of European A. thaliana accessions with known chemical profile. Symbol color indicates the GS-ELONG chemotype (orange: 3C; green: 4C) and symbol shape indicates the GS-AOP chemotype (square: ALK; circle: OH; triangle: NULL). For GS-ELONG the probability of finding 3C populations increases strongly with longitude (binomial glm: t = 5.11, df = 85, p < 0.001) and weakly with latitude (t = 1.75, df = 85, p = 0.084). Countries with available aphid data are colored in blue. The shade of blue corresponds to the relative frequency of L. erysimi based on model predictions from a binomial GLM using data from 61 aphid suction traps. The relative frequency of L. erysimi increases strongly with longitude (t = 5.03, p < 0.001) and weakly with latitude (t = 1.89, p = 0.060). Piecharts indicate the observed average relative abundance of B. brassicae (white) and L. erysimi (blue) in each country.
final accepted version defense genes due to selection for specific defensive profiles matched to the predominant local herbivore or herbivore community (e.g., 13). However, there is no direct evidence that variation in local herbivore communities represents a sufficiently strong selective pressure to favor specific defensive traits and maintain polymorphisms in defense-related genes.
The unparalleled genetic and molecular resources available for the model plant Arabidopsis thaliana make this species an ideal candidate to study the process of local adaptation to herbivores. The primary defensive trait in A. thaliana is a series of indolic and aliphatic glucosinolates, which are secondary plant metabolites with antiherbivore properties (14) . The accumulation and structure of aliphatic glucosinolates is mechanistically determined by alleles at the GS-ELONG locus that regulate the carbon side-chain elongation (3C or 4C) (15) and by alleles at the GS-AOP locus that modify the functional group of the biologically active glucosinolate side-chain (ALK, OH, or NULL). The combination of these alleles yields six distinct chemotypes present in natural populations in varying proportions (16) .
Both individual glucosinolate compounds and full chemical profiles affect the susceptibility of a plant to specific herbivores (17, 18) ; hence the aliphatic chemotype is likely under differential, qualitative selection by herbivores. In contrast, accumulation of the main indolic glucosinolates in A. thaliana is highly plastic and modulated by a large number of small-effect genetic loci, which are therefore less likely to show clear signatures of selection (19) .
We mapped geographic variation in the abundance of the six chemotypes within Europe from a set of 96 accessions (75 European) (20) with known chemical profiles (16) (Fig. 1) . There was no apparent pattern in the distribution of the GS-AOP chemotypes, but for GS-ELONG the frequency of 3C to 4C chemotypes increases with both latitude and longitude (Figs 1, S1). If this pattern results from geographical variation in herbivore feeding pressure, we would expect it to be closely matched by variation in herbivore abundance patterns. While A. thaliana is attacked by a range of invertebrate herbivores, many of which preferentially feed on specific chemotypes (17), we hypothesized that the aphid species Brevicoryne brassicae and Lipaphis erysimi are likely drivers of these patterns as they are both abundant, mobile Brassicaceae specialists, yet differentially sensitive to environmental conditions (21) . Fluctuations in aphid populations have been monitored since 1964 through the EXAMINE network (http://www.rothamsted.ac.uk/examine/) using suction traps which operate throughout the aphid flight season (22) . We retrieved data on the two aphid species from 61 traps in eight European countries. These data revealed that the abundance of L. erysimi is usually lower than B. brassicae, but that the geographic pattern in the relative abundances of L. erysimi and B. brassicae closely mirrors the pattern at GS-ELONG (Figs 1 and S1 ). Variation in the relative abundance of these two specialist aphids could therefore underlie variation in the predominant GS-ELONG chemotype found in natural populations.
Since causal inferences are impossible from such correlative data, we tested the causality of aphid selection on GS-ELONG, carrying out a multi-generational selection experiment on populations of A. thaliana (22) . We assembled 30 replicate populations from equal numbers of seeds from each of 27 natural accessions, including 6 of the 75 European accessions mapped above. Accessions were chosen to maximize variation in defense traits while including all six glucosinolate chemotypes in a range of genetic backgrounds (Table S1 , Fig. S2 ). Over five generations, we consistently exposed populations to replicate (n = 6) treatments of a single specialist aphid species: either B. brassicae or L. erysimi; a single generalist aphid, Myzus persicae; a mixture of all three aphid species; and a noaphid treatment. The generalist aphid was included as a negative control, since M. persicae is unresponsive to aliphatic glucosinolates (23) and we therefore would not expect it to exert directional selection on plant chemotype. The no-aphid treatment served as a control for other selective forces that were likely to affect the outcome of the experiment, such as intraspecific competition among accessions. Seeds were collected at the end of each generation with no mixing among populations and a subset was used to establish the next generation at a constant density. After five generations of repeated herbivore treatments we sampled 24 individuals from each population in generation 5 (144 individuals per treatment) and determined their genotype. To have a marker for changes in genotypic composition through time, we also measured leaf trichome density, a trait under strong genetic control (Fig. S3) , on a representative sample of plants in all generations.
Rapid adaptation occurred in the selection experiment, as evidenced by a progressive reduction in the effects of aphid feeding on final plant biomass in each generation ( Fig.  2A ). In line with the expected severity of aphid feeding based on previously reported population growth rates (21) , L. erysimi caused the strongest reduction in plant biomass, while M. persicae was intermediate and B. brassicae had the least effect. The mixture treatment caused a similar reduction to L. erysimi alone, probably because aphid mixtures were dominated by this fast-growing aphid species. With each generation, trichome density decreased in the no-aphid treatment, while it remained at significantly higher levels in all aphid treatments (Fig. 2B) . Adaptation to herbivore feeding was accompanied by considerable changes in the genotypic composition of populations, including the complete loss of nine genotypes (Fig. 3 ). There was a non-specific aphid effect on total indolic glucosinolates (lme: F 1,28 = 10.66, p =0.003), with plants in the no-aphid treatment producing on average 0.98 (± 0.03, SEM) µmol g -1 , and plants in aphid treatments producing 0.87 (± 0.03, SEM) µmol g -1 . In contrast, the different aphid treatments had a dramatic impact on the dominant aliphatic chemotypes within experimental populations. Significantly, the relative proportions of 3C and 4C chemotypes differed strongly among aphid treatments (Figs. 3, S4 ). After selection, populations of (Table S2 ). B) Mean number of trichomes on the fourth leaf of 50 plants per population. Stars denote significant difference from the no-aphid treatment (black line) after five generations of selection. brassicae treatments (binomial glm, t = 3.08, df = 25, p = 0.002) and the 3C chemotypes strongly dominated in both L. erysimi (t = 2.01, df = 25, p = 0.045) and the aphid mixture treatments (t = 2.21, df = 25, p = 0.027). The relative proportions of 3C to 4C chemotypes in populations exposed to the generalist aphid M. persicae did not differ from the no-aphid treatment (t = 0.18, df = 25, p = 0.858). Despite this similarity, the identity of the successful genotypes differed among treatments, with accession Sap-0 accounting for a large fraction of plants in the no-aphid treatment but being absent from all other treatments (Fig. 3) . The genotypic composition of plant populations with L. erysimi and aphid mixtures was near-identical, confirming that L. erysimi dominated the mixture treatments, and suggesting that in cofounded populations, L. erysimi is the most important selective force. Most successful genotypes either had a 3C-OH or a 4C-NULL chemotype, and we found no individuals belonging to either alkenyl chemotype (3C-ALK or 4C-ALK) in any treatment. Alkenyl chemotypes were common in generation 1 of the selection experiment ( Fig. S2 ), and simulations of random sampling on the basis of observed population sizes reveal that their loss cannot be due to drift alone ( Fig. S5 ) but rather was a consequence of selection.
To identify potential causes for the loss of particular genotypes, we measured sizestandardized growth rate (SGR) as a measure of fitness, together with total aliphatic glucosinolate content and trichome density in a separate experiment on all 27 ancestral accessions. Alkenyl chemotypes expressed the highest levels of glucosinolates and were among the slowest growing genotypes overall (Fig. S6A) . Alkenyl glucosinolates are an effective defense against leaf-chewing herbivores such as caterpillars (24) , but their efficiency against specialist aphids remains largely unknown, while they have little effect on M. persicae (23) . The loss of the alkenyl chemotypes therefore probably resulted from selection against a costly defense trait that provided insufficient benefits in our experiment. This cost-benefit balance is also the most likely reason for the difference in dominant genotypes between the no-aphid treatment and the aphid treatments (Fig. 3) . The dominant genotype in no-aphid populations, Sap-0, was completely absent from all aphid treatments, indicating low fitness in the presence of herbivores. The Sap-0 genotype had the lowest trichome density of all non-glabrous accessions, and as trichome production had a growth cost (Fig S6B) , its success can explain the observed decrease in trichome density in the no-aphid populations over time (Fig. 2B ). Compared to other chemotypes, Sap-0 also produces low levels of glucosinolates, an additional indication that in the absence of herbivores, undefended, fast-growing genotypes will prosper.
Despite known epistatic interactions between GS-ELONG and GS-AOP (19) , our data suggest that aphid selection acts independently on the two loci. The magnitude and direction of selection exerted by the two specialist aphids on GS-ELONG in our experiment suggests a causal link between the observed cline in GS-ELONG across Europe and the changes in the relative abundance of the same aphids. Although B. brassicae is numerically dominant across most of Europe, the fastergrowing L. erysimi can inflict greater damage on plants and quickly dominates populations which are co-founded by both aphid species, thus even a modest change in relative abundance could cause the loss of C3 populations. All plants in the selection experiment experienced strong intraspecific competition, and since growth rate is a good predictor of competitive ability (25) it is unsurprising that fast-growing plant genotypes were generally selected, while the slowest-growing alkenyl chemotypes were lost. Alkenyl chemotypes are, however, very common in natural populations, and could be maintained by other herbivores, for instance leaf-chewing caterpillars (24) .
Ecological theory has consistently emphasized the role of natural enemies in maintaining diversity both within and among species, but convincing empirical evidence has been lacking. Here we demonstrate that even functionally similar herbivores such as different species of aphid have the potential to select for specific chemotypes and drive large-scale geographic patterns in plant defense profiles. It therefore seems likely that natural herbivore communities with their greater variety of feeding styles and specializations play a major role in shaping and refining the plant defenses observed in natural communities. 
Materials and Methods:
Analysis of geographic patterns. We extracted coordinates data on the set of 96 natural accessions from Nordborg et al. (20) and combined it with glucosinolate data from Chan et al. (16) . We analyzed the spatial pattern in GS-ELONG for Europe using a generalized linear model with binomial error structure and longitude and latitude as explanatory variables. There was no support for an interaction term; hence only main effects were included in the model.
Data on aphid abundance were extracted from the database of the 'EXAMINE' network (26).
This project emerged from the Rothamsted Insect Survey (27) , which uses a network of 12. were recorded in that location, since lack of data can be caused both by true absence of an aphid or by failure to monitor or record this species. We analyzed the aphid data with a binomial generalized mixed effects model (binomial glmer) for proportion data by treating the total numbers of L. erysimi and B. brassicae as successes and failures, respectively. Trap identity was included as a random effect to account for both repeated measures and differences in the range of annual data. Longitude and latitude was treated as fixed effects, but as with GS-ELONG, there was no support for an interaction term.
Study system. To create a genetically diverse ancestral population, we selected 30 accessions of A. thaliana, based on published information on glucosinolate profiles (31), flowering time (32), and trichome density (NASC, The European Stock Centre, www.arabidopsis.info).
These lines are maintained in stock centers through selfing and are thus homozygous for most of their genome (33). We obtained seeds of all accessions through NASC and propagated them for one generation to amplify seed stocks and reduce potential confounding maternal effects. Three accessions completely failed to germinate; hence we used the 27 remaining accessions for the selection experiment (Table S1) Genotyping. We randomly selected 24 plants per population in generation 5 (144 per treatment), and genotyped them using a set of SSLP markers (34, see Table S3 for details).
Plants were grown in a controlled climate chamber set to 18° C under a day/night cycle of 16h/8h and fifteen days after germination, we harvested two leaves from each plant, placed them into a test tube within a 96-tube rack format, and immediately froze the samples on dry ice for later DNA extraction. Several small glass beads (Ø 1 mm) were added to each tube and 96-tube racks were frozen in liquid nitrogen. Frozen samples were ground by shaking 2 x 30 sec (frequency = 30/sec), turning plates once by 180°, on a Mixer Mill Retsch MM300
(Retsch Technology GmbH, Germany) and DNA was extracted (35).
To distinguish the 27 ancestral accessions, we tested five polymorphic loci that produced different fragment size upon amplification (simple sequence length polymorphisms, SSLPs) using PCR (Table S3) . We analyzed three markers (nga6, nga172 and ciw6) on all plant samples, and a subset of plant samples with ambiguous results was analyzed with two additional markers (either nga111 or ciw3). PCR was first carried out on DNA of the 27 ancestral lines to establish the reference genotypes. All PCR reactions were carried out using 5 µl DNA and a final reaction volume of 25 µl. The PCR conditions were as follows: 94° C for 120 s (1x); followed by 35 cycles of 94° C for 30 s, 59° C for 20 s, 72° C for 30 s; and 72°
C for 10 min (1x). The size of PCR products was analyzed on a QIAxcel ® capillary electrophoresis system (Qiagen, Switzerland), using a high-resolution gel cartridge and standard Qiagen reagents. The 15bp/500bp QX Alignment Marker was used to align samples, as PCR product typically ranged between 120 and 250 bp. Following standard Qiagen protocols, we determined DNA fragment size using the BioCalculator Software, which is part of the QIAxcel ® system. Plant samples were then assigned to ancestral genotypes using a discriminant analysis (function lda in R (36)) with fragment sizes of known genotypes as the training sample and unknown plant genotypes as the test sample. Phenotypic screening of A. thaliana genotypes. We measured several defense-related traits on the 27 ancestral accessions grown in a controlled climate chamber set to 18° C under a day/night cycle of 16h/8h. These were growth rate (as a descriptor of the competitiveness of a plant (see 25, 38)), time of flowering, trichome density, and glucosinolate content. Growth rate was measured as biomass growth over the whole plant life using nine sequential harvests.
For each harvest, we grew 2-3 individual plants for each of the 27 accessions and harvested plants on days 7, 9, 11, 14, 18, 22, 27 , 30 and 38 after sowing. We fitted non-linear growth curves with the function gnls implemented in the nlme library for R (36, 39) to the total above-ground biomass data, using an asymptotic regression and the self-starting routine SSasymp (38). We calculated size-standardized growth rate (SGR) from the estimated model parameters at a common reference size (mean size 9 days after sowing).
Statistical analyses.
All analyses were carried out in R 2.13 for Windows (36). For analyses of the selection experiment, aphid treatment was fitted as a five-level factor, with each of the four aphid levels being tested against the no-aphid treatment. All traits with multiple measures per population were analyzed with linear mixed-effects models (lme) implemented in the nlme library for R (39), using population as a random effect. The change in aphid impact on plant populations over time was analyzed in an lme-model of log-biomass as a function of treatment and generation. In this way, aphid treatment effects are expressed as differences on the log-scale, which is equivalent to log-ratios. Generation was treated as a factor to account for non-linearity in the relation with the response. Average aliphatic and indolic glucosinolate contents in each generation (based on composite leaf samples) were analyzed as logconcentrations in similar lme-models, while for trichome density, the absolute numbers were analyzed. The overall proportion of the GS-ELONG chemotype in generation 5 was analyzed using a generalized linear model (glm) with a binomial error structure. 3C-NULL, and F) 4C-NULL, assuming no treatment differences and only random drift. This was achieved by randomly sampling genotypes based on their frequencies in previous generations only (in generation 1, each genotype had the same probability of being selected).
The total population size was constrained to be the total number of seedlings observed in each population in each generation and we include the number of individuals actually genotyped as the final sample. Random sampling was repeated 10'000 times and chemotype frequencies were averaged across all 30 populations. For all observed chemotype frequencies, either the treatment-specific (empty triangles) or the overall average values (filled triangles) are shown, depending on significant treatment differences. 
